Introduction {#s0005}
============

CD97, which is generally up-regulated on the surfaces of activated lymphocytes, is a member of the epidermal growth factor (EGF)-seven transmembrane family [@bb0005], [@bb0010]. CD97 is also highly expressed in gastric, esophageal, and pancreatic cancer [@bb0015]. Although the relevance between the levels of CD97 and the clinical outcome of the patients is still controversial [@bb0015], CD97 expression has been implicated in tumor aggressiveness and lymph node metastasis due to interactions with the extracellular matrix and integrin α5β1 [@bb0020]. In addition, elevated expression of CD97 and its ligand CD55 at the invasion front is correlated with tumor recurrence and metastasis in colorectal cancer [@bb0025]. CD97 is highly associated with poor progression-free survival [@bb0030] and expressed at higher levels in recurrent post-chemotherapy ovarian tumors compared to primary tumors [@bb0035]. However, the induction and contribution of CD95/CD55 in ovarian cancer metastasis after chemotherapy remain unknown.

The activation of Janus-activated kinase 2(JAK2)/signal transducer and activator of transcription 3 (STAT3) delivers the effects of variable growth factors and cytokines (IL-6, GSF-G, and EGF) [@bb0040], [@bb0045]. Furthermore, the JAK2/STAT3 pathway is constitutively active in many tumors, including ovarian cancer [@bb0045], [@bb0050]. In high-grade serous ovarian cancer cell lines (OVCA433 and SKOV3), stimulation with EGF or IL-6 results in the promotion of the epithelial-mesenchymal transition (EMT) and peritoneal spread through the activation of JAK2/STAT3 and downstream targets [@bb0055]. However, whether CD97-mediated signaling in ovarian cancer cells facilitates the JAK2/STAT3 pathway for EMT processes remains elusive.

MicroRNAs (miRs) is a small non-coding RNA family that regulates the expression of hundreds of coding genes, which modulate several cellular pathways, including proliferation, apoptosis, invasion, and migration [@bb0060]. Binding to the 3′-untranslated region (3′-UTR) of specific mRNAs results in blocking translation and mRNA degradation [@bb0060], [@bb0065]. Although the precise biological functions of miRNAs are not yet fully understood, the dysregulation of miRs has been observed in various human cancers [@bb0070]. Down-regulation of miR-126 induces the overexpression of CD97 in breast cancer cells, leading to the promotion of migratory and invasive activity [@bb0075]. Although a number of microRNAs derived from exosome of gastric cancer cells are involved in the induction of CD97 and metastasis \[42\], the effect of microRNA on CD97 expression and related signaling pathway in ovarian cancer have not been fully investigated. The level of miR-503 is down-regulated by gonadotropin stimulation in follicular developmental stage but up-regulated before ovulation [@bb0085], [@bb0090]. However, the level of miR-503 is up-regulated in aldehyde dehydrogenase 1 (ALDH1)-positive chemoresistant ovarian cancer cells [@bb0095]. Based on these results, the precise roles of miR-503 may be changed in a cell type-dependent manner or developmental stage, and putative targets of miR-503 remain controversial in drug-resistant ovarian cancer.

Initial chemotherapy with paclitaxel and carboplatin against ovarian cancer eventually fails in more than 80% of patients due to the development of resistance to these drugs [@bb0100]. Stimulation with lipopolysaccharide (LPS) of epithelial ovarian cancer induces proliferation and secretion of proinflammatory cytokines through the activation of MyD88-NF-κB signaling pathway [@bb0105]. Despite the structural discrepancy between paclitaxel and LPS, binding LPS, as paclitaxel, to Toll-like receptor 4 (TLR4) on ovarian cancer cells subsequently promotes the development of chemoresistance and induction of metastasis [@bb0110], [@bb0115]. TLR and microRNA are also usually associated with promotion of cancer progression via the activation of JAK-STAT3 pathway [@bb0120]. However, little is known about the connection miR-503-5p with CD97 expression in LPS-stimulated or paclitaxel resistant ovarian cancer cells.

Based on the results of a search using microarray with LPS-activated ovarian cancer cells, we firstly identified a variety of microRNAs up-regulated or down-regulated in LPS-exposed ovarian cancer compared to non-stimulated ovarian cancer cells. In addition, we investigated whether up-regulated CD97 plays a critical role in metastasis of ovarian cancer and examined the association between CD97 and the JAK2/STAT3 signaling pathway in LPS-stimulated or paclitaxel-resistant ovarian cancer cells in this study. We also studied the regulatory effect of miR-503 on CD97 expression to control ovarian cancer metastasis.

Materials and Methods {#s0010}
=====================

Cell lines and Chemicals {#s0015}
------------------------

The human ovarian cancer cell lines CaOV3, SKOV3, OVCAR3, and OV90 were purchased from ATCC (Manassas, VA, USA). The CaOV3 and OV90 cells were maintained in DMEM medium (Corning Incorporated, Corning, NY, USA) supplemented with 10% FBS (RMBIO, Missoula, MT, USA), penicillin, streptomycin, and glutamine at 37 °C in 5% CO~2~. The SKOV3 cells were maintained in McCoy\'s 5A medium (Corning Incorporated) supplemented with 10% FBS, penicillin, streptomycin, and glutamine at 37 °C in 5% CO~2~. All purchased cells were authenticated by the supplier by short tandem repeat profiling. Paclitaxel-resistant sublines (CaOV3/PTX-R and SKOV3/PTX-R) were established from the parent cell lines, CaOV3 and SKOV3, respectively, by continuous exposure of the cells to a stepwise escalating concentration of PTX, ranging between 2.5 and 50 nM of PTX over 6 months. The authentication of all cell lines used in this study had confirmed using Short Tandem Repeat (STR) DNA profiling analysis according to the ANSI Standard (ASN-0002) by the ATCC Standards Development Organization (SDO). LPS (TLR4 ligand) and paclitaxel were purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombinant CD55 was obtained from R&D Systems (Minneapolis, MN, USA). Bay 11--7082 (NF-κB inhibitor) was obtained from Selleck Chemicals (Houston, TX, USA).

MicroRNA Microarray Assay {#s0020}
-------------------------

Total RNA from LPS-treated SKOV3 was isolated using the miRNeasy Mini Kit (Qiagen, CA, USA). RNA purity and integrity were evaluated by ND-1000 Spectrophotometer (NanoDrop, Wilmington, USA), Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The Affymetrix Genechip miRNA 4.0 array process was executed according to the manufacturer\'s protocol. Briefly, 1000 ng RNA samples were labeled with the FlashTag™ Biotin RNA Labeling Kit (Genisphere, Hatfield, PA, USA). The labeled RNA was quantified, fractionated and hybridized to the miRNA microarray according to the standard procedures provided by the manufacture. The labeled RNA was heated to 99 °C for 5 minutes and then to 45 °C for 5 minutes. RNA-array hybridization was performed with agitation at 60 rotations per minute for 16 hours at 48 °C on an Affymetrix® 450 Fluidics Station. The chips were washed and stained using a Genechip Fluidics Station 450 (Affymetrix, Santa Clara, CA, USA). The chips were then scanned with an Affymetrix GCS 3000 canner (Affymetrix, Santa Clara, CA, USA). Signal values were computed using the Affymetrix® GeneChip™ Command Console software (AGCC). Extracted array data were filtered by probes annotated species. The comparative analysis between test sample and control sample was carried out using fold-change. All Statistical test and visualization of differentially expressed genes was conducted using R statistical language v. 3.1.2.

Small Interfering RNA (siRNA) Transfection {#s0025}
------------------------------------------

Experimentally verified human CD97-, human JAK2-small interfering RNA (siRNA) duplex, negative control-siRNA, miR-503 mimic, mimic control, miR-503-5p inhibitor, and inhibitor control were obtained from Bioneer (Daejeon, Republic of Korea). Cells were seeded at a concentration of 1 × 10^5^ per well in a 6-well plate and grown overnight. Cells were subsequently transfected with 200 nM of siRNA using Lipofectamine RNAiMAX Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Cells were used for further experiments at 48 h after transfection.

Migration and Invasion Assay {#s0030}
----------------------------

The transendothelial migration of colon cancer cells was detected using the CytoSelectTM tumor transendothelial migration assay kit (Cell Biolabs, Inc., San Diego, CA, USA) according to the manufacturer\'s instructions. The relative fluorescence units (RFU) of the migrated cells were measured by a microplate reader. The invasion assay was performed using the CultreCoat 96-well Medium BME Cell Invasion Assay Kit (R&D Systems) according to the manufacturer\'s instructions. Invaded cells were stained with calcein-AM and quantified using a microplate reader.

Soft agar Colony-Forming Assay {#s0035}
------------------------------

Culture anchorage-independent growth was analyzed by performing colony-forming assays in soft agar. Cells (1 × 10^4^) were suspended in 1 ml of complete medium containing 0.3% agar and plated over a layer of 0.6% agar in complete medium. Cells were incubated at 37 °C for 2 weeks, and then colonies were stained with 300 μl of methylthiazole tetrazolium (MTT, Sigma-Aldrich). Colonies with a diameter greater than 0.5 mm were counted under a microscope.

MiRNA Detection Using Quantitative Real-Time PCR {#s0040}
------------------------------------------------

Total cellular RNA was extracted using the miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer\'s instructions. The cDNA was synthesized from 2 μg of total RNA using the Mir-XTM miRNA First-Strand Synthesis Kit (Clontech Laboratories, Inc., Mountain View, CA, USA). The miRNA levels were quantitated using an ABI7300 real-time PCR system (Applied Biosystems, Foster City, CA, USA) and SYBR Green Master Mix Kit (Takara, Tokyo, Japan) with a miRNA-specific 5′primer (has-miR-503-5p; CTG CAG AAC TGT TCC CGC TGC) and the mRQ 3'primer supplied with the Kit for all miRNAs. The U6-specific primer set supplied with the Kit was used as an internal control for miRNA. The relative mRNA quantification was calculated using the arithmetic formula 2^-△△Cq^, where △Cq is the difference between the threshold cycle of a given target cDNA and an endogenous reference cDNA.

Immunoblotting {#s0045}
--------------

Cells were washed in PBS and lysed in RIPA buffer (Elpis Biotech, Daejeon, Korea) supplemented with a protease inhibitor cocktail (Sigma-Aldrich). Protein phosphorylation states were preserved through the addition of phosphatase inhibitors (Cocktail II, Sigma-Aldrich) to NP-40 buffer. Protein concentrations were determined using a BCA assay kit (Pierce, Rockford, IL, USA). The proteins (10 μg/sample) were resolved through SDS-PAGE and subsequently transferred to a nitrocellulose membrane (Millipore Corp., Billerica, MA, USA). The membranes were blocked with 5% skim milk prior to Western blot analysis. Chemiluminescence was detected using an ECL kit (Advansta Corp., Menlo Park, CA, USA) and the Amersham Imager 600 (GE Healthcare Life Sciences, Little Chalfont, UK). Primary antibodies against the following proteins were used: phospho-STAT3 (Tyr705), STAT3, β-actin, MMP2, MMP9, PARP, p105/p50, p100/p52, p65, and Rel-B (Cell Signaling Technology, Beverly, MA, USA); phospho-JAK2 (Tyr221) and JAK2 (Bioss, Woburn, MA, USA); CD55 (Biorbyt, Woburn, MA, USA); β-tubulin (BD Biosciences, San Diego, CA, USA); and E-cadherin, N-cadherin, Snail, and CD97 (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Detection of NF-κB Translocation by Fractionation {#s0050}
-------------------------------------------------

Cytosol and nuclear cellular fractions were prepared using the Nuclear/Cytosol Fractionation Kit (BioVision, Mountain View, CA), according to the manufacturer\'s protocol. Briefly, cells (2 × 106) were harvested and suspended in 200 μl of cytosol extraction buffer A. After incubation on ice for 10 min, cytosol extraction buffer B was added to the cell suspension, followed by incubation on ice for 1 min. Subsequently, the supernatants were obtained by centrifugation and designated as cytosolic fractions. The pellets were re-suspended in 100 μl of nuclear extraction buffer mix and designated nuclear fractions. For certain experiments, the cells were treated with the NF-κB inhibitor Bay11--7082 (5 μM).

Measurement of NF-κB Activity by NF-κB DNA-Binding ELISA {#s0055}
--------------------------------------------------------

To quantify the DNA-binding activity of NF-κB, the NF-κB p50/p65 Transcription Factor Assay Kit (Abcam, Cambridge, UK) was used according to the manufacturer\'s protocol. Briefly, nuclear extracts were transferred to a 96-well plate coated with a specific ds DNA sequence containing the NF-κB response element. NF-κB proteins bound to the target sequence were detected with a primary antibody and a horseradish peroxidase (HRP)-conjugated secondary antibody. The absorbance was measured at 450 nm as a relative measure of protein-bound NF-κB. All fractions were stored at −80 °C until further use.

Statistical Analysis {#s0060}
--------------------

Data were expressed as the means ± standard deviation (SD). Statistical analysis was conducted using one-way analysis of variance. A *P* value \<.05 was considered statistically significant.

Results {#s0065}
=======

The CD97-Related Signaling Pathway Regulates the Metastasis of LPS-Stimulated Ovarian Cancer Cells {#s0070}
--------------------------------------------------------------------------------------------------

Among four different ovarian cancer cell lines (OVCAR3, CaOV3, SKOV3, and OV90), CD97 expression was only detected at the mRNA level in the intracellular compartments of OV90 and SKOV3 cells under non-stimulated conditions (Supplemental Fig. 1A and 1B). Despite bacterial LPS or paclitaxel activates similar signaling pathway [@bb0110], Exposure to paclitaxel induced the apoptosis of paclitaxel-sensitive CaOV3 and SKOV3 [@bb0110]. From these reason, we stimulated ovarian cancer cells with LPS for enhancing the CD97 expression and defining the role of CD97. The levels of CD97 and mesenchymal markers were enhanced and identified on the surfaces of LPS-treated CaOV3 and SKOV3 cells (Supplemental Fig. 1C-1F). LPS-stimulated ovarian cancer cells promoted the secretion of metastasis-related cytokines (Supplemental Fig. 1G). Additionally the down-regulation of CD97 significantly inhibited the migratory and invasive activity of SKOV3 and OV90 cells (Supplemental Fig. 1H-1I) and LPS-exposed CaOV3 and SKOV3 cells ([Figure 1](#f0005){ref-type="fig"}*A*). According to the expression of CD97 and clinicopathological features [@bb0125], we selected CaOV3 cells as a representative model of primary tumor and SKOV3 cells as an in vitro model for metastatic ovarian cancer cells. In colony formation assay, the cell growth of LPS-stimulated cancer cells was significantly inhibited in CD97-knockdown ovarian cancer cells compared to that of the cells transfected control siRNA ([Figure 1](#f0005){ref-type="fig"}, *B* and *C*). Gene silencing of CD97 with siRNA efficiently prevented the up-regulation of CD97, phosphorylation of JAK2/STAT3, expression of matrix metalloproteinase 2 (MMP2) and MMP9, and induction of mesenchymal markers in LPS-stimulated SKOV3 cells ([Figure 1](#f0005){ref-type="fig"}*D*). LPS treatment induced the expression of CD55, whereas CD97 targeting had no effect on the expression of CD55 in ovarian cancer cells ([Figure 1](#f0005){ref-type="fig"}*D*). These results suggest that CD97 expression plays an important role in the activation of the metastasis-related signaling pathway in ovarian cancer cells.Figure 1Knockdown of CD97 in LPS-stimulated ovarian cancer cells leads to decreased invasion and down-regulation of JAK2, STAT3, and MMP2/9. Cells (1.5 × 10^5^/well) were seeded onto 6-well plates and grown overnight. Cells were transfected with siRNA against CD97 or control for 36 h and then treated with TLR4 agonist LPS (500 ng/ml) for 24 h. (A) The migratory activity and invasiveness of cells were detected by the tumor transendothelial migration assay kit and the BME cell invasion assay kit, respectively, as described in the Materials and Methods. \#, *P* \< .01. \#\#, *P* \< .01. (B) Colony-forming assay. Cells were cultivated for 2 weeks in a 6-well plate with soft agar. After 2 weeks, the cells were stained with MTT solution. Colonies were counted after reaching at least 0.5 mm in diameter. (C) The graph shows the quantitative analysis of the colony-forming assay. \*, *P* \< .005. \*\*, *P* \< .005. Each value represents the mean ± SD of the three determinations. (D) Total cell lysates were immunoblotted with the indicated antibodies. β-actin was used as a loading control. The results are representative of three independent experiments.Figure 1

CD97/CD55 Interaction Stimulates JAK2/STAT3-Mediated Metastasis of LPS-Stimulated Ovarian Cancer Cells {#s0075}
------------------------------------------------------------------------------------------------------

We next investigated whether the interaction between enhanced CD97 and its ligand CD55 induces the activation of JAK2/STAT3 signaling and the related migratory or invasive activity of ovarian cancer cells. Although the direct stimulation of CD97 with recombinant human CD55 (rhCD55) induced the weak activation of JAK2, STAT3, MMP2, and MMP9 in the absence of LPS ([Figure 2](#f0010){ref-type="fig"}*A*), co-stimulation with rhCD55 and LPS significantly provoked the migration and invasion capacity of ovarian cancer cells ([Figure 2](#f0010){ref-type="fig"}*B*). However, the targeted inhibition of CD97 attenuated the induction of phosphorylated JAK2 and STAT3 as well as expression of MMP2 and MMP9 by stimulation with rhCD55 ([Figure 2](#f0010){ref-type="fig"}*C*). Knockdown of JAK2 resulted in blocking the activation of STAT3, MMP2, and MMP9 in LPS-treated ovarian cancer cells ([Figure 2](#f0010){ref-type="fig"}*D*). In addition, silencing JAK via siRNA profoundly blocked the metastatic activity ([Figure 2](#f0010){ref-type="fig"}*E*) and colony formation ([Figure 2](#f0010){ref-type="fig"}, *F* and *G*) of LPS-activated ovarian cancer cells. These results suggest that the CD97/CD55-mediated JAK2/STAT3 signaling pathway enhances the metastasis of LPS-stimulated ovarian cancer cells.Figure 2CD97/CD55 interaction induces JAK2/STAT3-mediated metastasis of LPS-stimulated ovarian cancer cells. (A) Cells (1.5 × 10^5^/well) were cultured with recombinant human CD55 (1 μg/ml) for 24 h. Total cell lysates were immunoblotted with the indicated antibodies. (B) Cells (1.5 × 10^5^/well) were cultured with recombinant human CD55 (1 μg/ml) and LPS (500 ng/ml) for 24 h. The migratory activity and invasiveness of cells were detected by the tumor transendothelial migration assay kit and the BME cell invasion assay kit, respectively, as described in the Materials and Methods. \*, *P* \< .01. \*\*, *P* \< .01. (C) Cells (1.5 × 10^5^/well) were seeded onto 6-well plates and grown overnight. Cells were transfected with siRNA against CD97 or control for 36 h and then treated with recombinant human CD55 (1 μg/ml) and LPS (500 ng/ml) for 24 h. Total cell lysates were immunoblotted with the indicated antibodies. (D-G) Cells (1.5 × 10^5^/well) were seeded onto 6-well plates and grown overnight. Cells were transfected with siRNA against JAK2 or control for 36 h and then treated with LPS (500 ng/ml) for 24 h. (D) Total cell lysates were immunoblotted with the indicated antibodies. β-actin was used as a loading control. (E) The migratory activity and invasiveness of cells were detected by the tumor transendothelial migration assay kit and the BME cell invasion assay kit, respectively, as described in the Materials and Methods. \#, *P* \< .01. \#\#, *P* \< .01. (F) Colony-forming assay. Cells were cultivated for 2 weeks in a 6-well plate with soft agar. After 2 weeks, the cells were stained with MTT solution. Colonies were counted after reaching at least 0.5 mm in diameter. (G) The graph shows the quantitative analysis of the colony-forming assay. ♠, *P* \< .005. ♠♠, *P* \< .005. Each value represents the mean ± SD of the three determinations. The results are representative of three independent experiments.Figure 2

The NF-κB-Mediated miR-503-5p Down-Regulation Enhances the CD97-Induced Metastasis of LPS-Stimulated Ovarian Cancer Cells {#s0080}
-------------------------------------------------------------------------------------------------------------------------

To determine whether dysregulated microRNAs (miRs) were relevant to expression of CD97 in LPS-treated or paclitaxel-resistant ovarian cancer, we first compared the microRNA profiles of LPS-stimulated SKOV3 with non-treated SKOV3 through the analysis of microarray assay. The level of miR-503-5p was down-regulated in response to the stimulation of LPS in SKOV3 (Supplemental Table 1). We next investigated whether miR-503 regulates the expression of CD97 and related signaling pathway in LPS-stimulated ovarian cancer cells. The binding of miR-503-5p to the target site in 3´-UTR of CD97 was detected by sequence analysis ([Figure 3](#f0015){ref-type="fig"}*A*). Furthermore, down-regulation of miR-503-5p expression in LPS-activated ovarian cancer cells was identified by real-time quantitative PCR analysis ([Figure 3](#f0015){ref-type="fig"}*B*). After checking transfection efficiency of miR-503-5p mimic and miR-503-5p inhibitor (Supplemental Fig. 2A), the miR-503-5p synthetic mimic or miR-503-5p inhibitor was transfected into ovarian cancer cells. Targeted inhibition with miR-503-5p inhibitor significantly increased the growth and colony formation (Supplemental Fig. 2B and 2C), up-regulated CD97 expression ([Figure 3](#f0015){ref-type="fig"}*C*), enhanced JAK2/STAT3 phosphorylation ([Figure 3](#f0015){ref-type="fig"}*C*), and increased the migratory capacity (Supplemental Fig. 2D) of ovarian cancer cells in the absence of LPS treatment. Additionally, transfection of miR-503-5p mimic into LPS-activated ovarian cancer cells inhibited the expression of CD97 and phosphorylated JAK2/STAT3 proteins ([Figure 3](#f0015){ref-type="fig"}*C*), blocked colony-forming activity ([Figure 3](#f0015){ref-type="fig"}, *D* and *E*) and metastatic activity (Supplemental Fig. 2D), and reduced the production of metastasis-related cytokines (Supplemental Fig. 2E). In addition, treatment of epithelial cells with LPS reduced the expression of miR-503 through activation of the NF-κB signaling pathway [@bb0130]. Next, we explored the role of the NF-κB pathway for the regulation of miR-503 and CD97 expression in LPS-stimulated ovarian cancer cells. Treatment of ovarian cancer cells with LPS resulted in the activation of key components p50, p52, p65, and Rel-B of NF-κB as well as nuclear translocation in nuclear fractions ([Figure 4](#f0020){ref-type="fig"}*A*). NF-κB inhibitor (Bay-11-7082) not only attenuated NF-κB activation through both canonical (p50) and non-canonical (p65) pathways ([Figure 4](#f0020){ref-type="fig"}*B*) but also prevented the down-regulation the level of miR-503-5p in LPS-treated ovarian cancer cells ([Figure 4](#f0020){ref-type="fig"}*C*). Furthermore, Bay-11-7082 prevented the expression of CD97 and phosphorylated JAK2/STAT3 ([Figure 4](#f0020){ref-type="fig"}*D*) as well as the migration and invasion activity of LPS-activated ovarian cancer cells ([Figure 4](#f0020){ref-type="fig"}*E*). These results suggest that the LPS-mediated NF-κB pathway regulates the miR-503-5p-associated CD97 expression and ovarian cancer cell metastasis.Figure 3miR-503-5p binds directly to the 3'UTRs of CD97 and LPS-induced miR-503-5p down-regulation enhances invasion. (A) A schematic of the putative miR-503-5p binding sites on CD97 3′-UTR. (B) Quantitative real-time RT-PCR (qPCR) was performed to determine the relative expression of miR-503-5p in LPS-treated ovarian cancer cells. \*, *P* \< .05. (C-E) Cells (1.5 × 10^5^/well) were seeded onto 6-well plates and grown overnight. Cells were transfected with miR-503-5p mimic or mimic control for 36 h and then treated with LPS (500 ng/ml) for 24 h. Some cells were transfected with miR-503-5p inhibitor or inhibitor control for 48 h. (C) Total cell lysates were immunoblotted with the indicated antibodies. β-actin was used as a loading control. (D) Colony-forming assay. Cells were cultivated for 2 weeks in a 6-well plate with soft agar. After 2 weeks, the cells were stained with MTT solution. Colonies were counted after reaching at least 0.5 mm in diameter. (E) The graph shows the quantitative analysis of the colony-forming assay. \#, *P* \< .01. \#\#, *P* \< .01. Each value represents the mean ± SD of the three determinations. The results are representative of three independent experiments.Figure 3Figure 4NF-κB-mediated miR-503-5p down-regulation increases the CD97-induced JAK2/STAT3 expression and invasion. (A) Cells (1.5 × 10^5^/well) were cultured with LPS (500 ng/ml) for 24 h. Cytosolic extracts or nuclear extracts were analyzed by Western blotting using the indicated antibodies. A nuclear marker, PARP, and cytosol marker, β-tubulin, were used to verify the purity of each fraction. Fractionation was performed as described in the Materials and Methods. (B-E) Cells (1.5 × 10^5^/well) were pretreated with Bay 11--7082 (5 μM) for 1 h and then treated with LPS (500 ng/ml) for 24 h. (B) ELISA measured NF-κB DNA-binding activity in nuclear extracts. Transcription factor NF-κB p50 combo and p65 combo (in Kit) served as positive controls for NF-κB activity. ELISA results are expressed as relative absorbance. \*, *P* \< .01. Data represent the mean ± SD of the three independent experiments. (C) QPCR was performed to determine the relative expression of miR-503-5p in LPS and Bay 11--7082 (5 μM)-treated ovarian cancer cells. \*\*, *P* \< .05. (D) Total cell lysates were immunoblotted with the indicated antibodies. β-actin was used as a loading control. (E) The migratory activity and invasiveness of cells were detected by the tumor transendothelial migration assay kit and the BME cell invasion assay kit, respectively, as described in the Materials and Methods. \#, *P* \< .005. \#\#, *P* \< .005. Each value represents the mean ± SD of the three determinations. The results are representative of three independent experiments.Figure 4

The Level of miR-503-5p Modulates CD97-Mediated Metastasis of Paclitaxel-Resistant Ovarian Cancer Cells {#s0085}
-------------------------------------------------------------------------------------------------------

Recurrent ovarian cancer after standard chemotherapy with paclitaxel plus platinum becomes resistant to these chemotherapeutic agents [@bb0135]. Since the development of resistance to paclitaxel in human ovarian cancer occurs through a mechanism involving the TLR4 [@bb0105], [@bb0110], we next investigated whether the CD97 expression and related pathway involve cancer metastasis in paclitaxel-resistant ovarian cancer cells. Paclitaxel-resistant ovarian cancer cells not only enhanced the expression of CD97/CD55 and related signaling pathways (Supplemental Fig. 3A and [Figure 5](#f0025){ref-type="fig"}*A*) but also increased the expression of mesenchymal markers and migratory activity ([Figure 5](#f0025){ref-type="fig"}, *A* and *B*) in the absence of LPS stimulation. Stimulation with rhCD55 amplified the activation of the JAK2/STAT3 pathway ([Figure 5](#f0025){ref-type="fig"}*C*) as well as migration capacity ([Figure 5](#f0025){ref-type="fig"}*B*) and promoted the secretion of metastasis-related cytokines in paclitaxel-resistant ovarian cancer cells (Supplemental Fig. 3B). The down-regulation of CD97 using siRNA transfection prevented the activation of JAK/STAT3 and MMP2/9 and blocked the expression of mesenchymal markers by stimulation with rhCD55 ([Figure 5](#f0025){ref-type="fig"}*D*). Furthermore, the targeted inhibition of JAK2 reduced the activation of STAT3, MMP2 and MMP9 ([Figure 5](#f0025){ref-type="fig"}*E*). The constitutively activated NF-κB pathway (Supplemental Fig. 3C) led to suppression of miR-503-5p ([Figure 6](#f0030){ref-type="fig"}*A*), resulting in the enhancing CD97 expression ([Figure 6](#f0030){ref-type="fig"}*B*) and activating the JAK2/STAT3 ([Figure 6](#f0030){ref-type="fig"}*B*) pathway in paclitaxel-resistant ovarian cancer cells. Additionally, treatment with the NF-κB inhibitor of paclitaxel-resistant ovarian cancer cells prevented JAK2/STAT3 phosphorylation ([Figure 6](#f0030){ref-type="fig"}*B*), down-regulated CD97 expression ([Figure 6](#f0030){ref-type="fig"}*B*), and reversed miR-503-5p expression ([Figure 6](#f0030){ref-type="fig"}*C*), resulting in the inhibition of migratory or invasive activity ([Figure 6](#f0030){ref-type="fig"}*D*) and the reduction of metastasis-related cytokines production (Supplemental Fig. 4A). In addition, transfection with the miR-503-5p mimic profoundly attenuated the colony-forming activity of paclitaxel-resistant ovarian cancer cells ([Figure 6](#f0030){ref-type="fig"}, *E* and *F*) as well as the production of metastasis-associated cytokines (Supplemental Fig. 4B). These results suggest that NF-κB-mediated miR-503-5p suppression plays a critical role in CD97 expression and the related JAK2/STAT3 pathway for enhancing the metastasis of paclitaxel-resistant ovarian cancer cells.Figure 5CD97/CD55 interaction elicits JAK2/STAT3-mediated metastasis of paclitaxel-resistant ovarian cancer cells. (A) Total lysates of PTX-sensitive or PTX-resistant cells were collected and immunoblotted with the indicated antibodies. (B, C) Cells (1.5 × 10^5^/well) were cultured with recombinant human CD55 (1 μg/ml) for 24 h. (B) The migratory activity and invasiveness of cells were detected by the tumor transendothelial migration assay kit and the BME cell invasion assay kit, respectively, as described in the Materials and Methods. \*, *P* \< .005. \*\*, *P* \< .005. Each value represents the mean ± SD of the three determinations. (C) Total cell lysates were collected and immunoblotted with the indicated antibodies. (D) Cells (1.5 × 10^5^/well) were seeded onto 6-well plates and grown overnight. Cells were transfected with siRNA against JAK2 or control for 48 h. Total cell lysates were collected and immunoblotted with the indicated antibodies. β-actin was used as a loading control. The results are representative of three independent experiments.Figure 5Figure 6The level of miR-503-5p modulates CD97-mediated metastasis of paclitaxel-resistant ovarian cancer cells. (A) qPCR was performed to determine the relative expression of miR-503-5p in PTX-sensitive or PTX-resistant ovarian cancer cells. \*, *P* \< .05. (B-D) Cells (1.5 × 10^5^/well) were treated with Bay 11--7082 (5 μM) for 1 h, washed out, and then cultured for 24 h. (B) Total cell lysates were immunoblotted with the indicated antibodies. β-actin was used as a loading control. (C) the levels of miR-503-5p in PTX-sensitive or PTX-resistant ovarian cancer cells were measured using qPCR. \*\*, *P* \< .05. (D) The migratory activity and invasiveness of cells were detected by the tumor transendothelial migration assay kit and the BME cell invasion assay kit, respectively, as described in the Materials and Methods. \#, *P* \< .005. \#\#, *P* \< .005. (E, F) Cells (1.5 × 10^5^/well) were seeded onto 6-well plates and grown overnight. Cells were transfected with miR-503-5p mimic or mimic control for 48 h. (E) Colony-forming assay. Cells were cultivated for 2 weeks in a 6-well plate with soft agar. After 2 weeks, cells were stained with MTT solution. Colonies were counted after reaching at least 0.5 mm in diameter. (F) The graph shows the quantitative analysis of the colony-forming assay. ♠, *P* \< .01. Each value represents the mean ± SD of the three determinations. The results are representative of three independent experiments. (G) Schematic diagram of the intracellular signaling pathway in TLR4 agonist-treated human ovarian cancer cells. TLR4 stimulation triggers NF-κB activation in ovarian cancer cells. Subsequent suppression of miR-503-5p results in the increase of CD97 and CD55 expression. The interaction of CD97 and CD55 leads to JAK2/STAT3-mediated invasion in LPS-treated ovarian cancer cells. Our findings suggest that ovarian cancer cells exposure to LPS plays an important role in cancer metastasis through the modulation of miR-503-5p and the regulation of CD97/CD55.Figure 6

Discussion {#s0090}
==========

The extracellular N-terminus containing EGF-like structural domains of CD97 binds to its ligand CD55 (Decay-accelerating-factor, DAF), which affects cancer invasion and metastasis [@bb0140], [@bb0145]. Since up-regulation of CD97 on activated lymphocyte contributes the interaction with components of the extracellular matrix [@bb0005], [@bb0010], CD97 overexpression is closely related with promoting the effect of tumor growth and migration through the activation of proteolytic activity of tumor cells [@bb0150]. Following chemotherapy with paclitaxel, recurrent ovarian high-grade serous cancer cells also express higher levels of several proteins, including CD97 [@bb0035]. However, the activation of intracellular downstream signaling by the CD97-CD55 interaction is yet unclear and no studies have reported which mechanism regulates the expression and role of CD97 in drug-resistant ovarian cancer cells. The expression of CD97 was only detected in metastatic ovarian cancer cells (SKOV3 and OV90) without LPS stimulation. LPS-exposed or paclitaxel-resistant ovarian cancer cells induce CD97 expression through NF-κB-mediated miR-503-5p down-regulation. CD97 binding to its ligand CD55 triggers the JAK2/STAT3 pathway to enhance metastasis of ovarian cancer cells. These results suggest that the level of CD97 and miR-503-5p not only is a new diagnostic or therapeutic target for ovarian cancer but also might be a critical marker for determining the possibility of ovarian cancer metastasis ([Figure 6](#f0030){ref-type="fig"}*G*).

MicroRNAs, small noncoding RNAs, show various expression patterns and influence a diverse set of genes post-transcriptionally expressed in numerous developmental and physiological processes [@bb0155], [@bb0160]. Each type of cell utilizes and uniquely changes the mRNA sequences in a cell-type-dependent manner. For mRNAs that should not be expressed in a particular cell type, miRNAs reduce protein production to negligible levels [@bb0160]. Increased miR-503, which is located at human chromosome Xq26.3, delays the cell cycle in the G1 phase through targeting CCNE1 encoding the G1/S-specific cyclin-E1 and cdc25A encoding the cell division cycle 25 homolog [@bb0165]. MiR-503 down-regulates the expression of Fibroblast growth factor-2 and vascular endothelial growth factor A, resulting in the inhibition of tumor angiogenesis and growth [@bb0170]. The expression of miR-503 inhibits the migration and invasion of hepatocellular carcinoma cells in vitro [@bb0175]. In addition, the down-regulation of miR-503 is associated with poor clinical outcome and inversely associated with the level of carcinoembryonic antigen in gastric cancer [@bb0180]. Whereas, miR-503 overexpression is identified in ALDH1-positive chemoresistant ovarian cancer cells [@bb0095], ALDH1(+) ovarian cancer cells comprise 0.4--4.0% of primary cancer cells [@bb0095]. Furthermore, the role of miR-503 and its targeting genes in paclitaxel-resistant cancer cell is unknown. Additionally modulating the mechanism of miR-503 expression to affect the metastasis of ovarian cancer should be investigated. The level of miR-503-5p in OV90 is lower compared with CaOV3 cells, even in the absence of LPS stimulation. LPS-stimulated OV90 cells showed more colony-forming activity than LPS-exposed CaOV3 cells. Chemoresistant ovarian cancer cells reduced the expression miR-503-5p to promote metastasis through the up-regulation of CD97 expression, resulting in the activation of the JAK2/STAT3 pathway. Furthermore, transfection of the miR-503-5p mimic prevented the up-regulation of CD97 in this study. These results suggest that the level of CD97 expression is positively correlated with ovarian cancer metastasis, and the reverse relationship between CD97 and miR-503-5p might be applied to determine the effect of chemotherapy and prognosis through the detection of the levels of CD97 and miR-503-5p, respectively.

TLR4 stimulation by LPS activates JAK2/STAT3 signaling for producing inflammatory cytokines in microglia cells [@bb0185]. The constitutively activated STAT3 plays a critical role in uncontrolled cellular proliferation, promotion of angiogenesis, and resistance to apoptosis in various cancers, including ovarian cancer [@bb0190], [@bb0195]. The treatment of ovarian cancer cells with paclitaxel also leads to the activation of the JAK2/STAT3 pathway [@bb0200]. JAK2 inhibitor therapy efficiently prevents the proliferation and migratory activity of CD24-positive ovarian cancer stem cells under in vitro and in vivo conditions [@bb0205]. High CD97 expression also leads to elevated proliferation and the invasion of tumor cells through the up-regulation of phosphorylated mitogen-activated protein kinases (MAPKs) [@bb0080]. However, the relevance between CD97 and JAK2/STAT3 expression in LPS-stimulated or paclitaxel-resistant ovarian cancer cells has not been investigated. Although CD97 expressed on metastatic ovarian cancer cells promoted the invasion of cancer cells after treatment with rhCD55 through the slightly activation of JAK2/STAT3, binding rhCD55 to elevated CD97 in LPS-stimulated or chemoresistant ovarian cancer cells markedly triggered the JAK2/STAT3 signaling pathway to induce metastasis. These results suggest that the enhanced CD97-mediated JAK2/STAT3 signaling pathway also plays a more important role in paclitaxel-resistant ovarian cancer cells and CD97 and the underlying pathways could be promising targets to prevent and treat metastatic ovarian cancer.

Conclusions {#s0095}
===========

In this study, we firstly discovered the novel mechanism of miR-503-5p to induce metastasis in chemoresistant ovarian cancer cells. Our study also provides experimental information on the relationship between CD97 expression and miR-503-5p as well as the downstream JAK2/STAT3 signaling pathway in paclitaxel-resistant ovarian cancer cells. These results also suggest that comparing the expression of CD97 in tumors with circulating miR-503-5p levels could reflect the tumor condition and possibility of metastasis and serve as a potential indicator of prognosis in ovarian cancer patients.
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